Slowly oscillating weak electric stimulation (WES) and slow oscillation rhythmic sensory stimulation have been successfully applied in humans and rodents to enhance both slow oscillations and spindle activity as well as sleep-associated consolidation of hippocampus-dependent memories [4, 5] . Selective enhancement of sleep spindles by exogenous WES together with the assessment of memory has as yet not been shown.
A new study by Lustenberger et al. [6] reported in a recent issue of Current Biology is the first to successfully report in humans a causal link between sleep spindles and consolidation of a procedural memory. The authors applied throughout nocturnal sleep 1.5 sec transcranial electric stimulation oscillating within the sleep spindle frequency range, after detecting the initiation of an endogenous sleep spindle. Prior to sleep, subjects trained on two tasks, a declarative word-pair and a procedural motor sequence tapping task, which were used to demonstrate sleep-dependent memory consolidation. The number of correctly tapped sequences was increased and response time for correct responses was reduced in the morning following stimulation as compared to the sham condition. In addition, fast sleep spindle activity was enhanced. Declarative memory consolidation was not enhanced by feedback-controlled spindle stimulation.
The paper by Lustenberger and colleagues has at least two very important messages. Firstly, it contributes information on sleep-dependent memory consolidation and on underlying cerebral activity. Secondly, it highlights new aspects in the use of WES as a scientific and potentially therapeutic tool. The role of spindles during non-rapid eye movement (NREM) sleep stage N2 in the consolidation of motor sequence memories has been previously inferred by many studies [7] [8] [9] , but a causal effect exclusively of sleep spindles in N2 has not been shown so far.
Up until now most studies employing rhythmic exogenous stimulation during sleep aimed to modulate and investigate mechanisms involved in the consolidation of hippocampus-dependent memories [10] [11] [12] [13] [14] . Application of slow oscillation WES was then limited to NREM sleep periods in the first part of the night. Positioning of stimulation electrodes putatively favors impacting hippocampal-prefrontocortical interactions, i.e. enhancing the grouping of spindles and hippocampal sharp wave ripples (SPWR) by the sleep slow oscillation [2, 8, 10] . The present study by Lustenberger et al. not only specifically employs WES of spindle frequency, but the employed electrode montage also produces a field distribution (Figure 7 in [6] ) which putatively serves to support the generation of centro-parietal fast spindles [15, 16] .
The authors address another interesting point: the efficiency of spindle stimulation to increase the number of spindles in N2 but not in N3, which they attribute to the differential properties of the thalamo-cortical system in these two states. This finding emphasizes the relevance of fast spindles for motor consolidation. It also reflects the strong dependence of stimulation efficiency on macro brain states. In fact we make the general suggestion that states of network activity are decisive for the efficiency of exogenous stimulation on at least three levels (Figure 1) : the first network level, the 'macro state', refers to the vigilance state of the subject (e.g. awake, NREM N1, N2, N3, REMS) and can remain stable over a relatively long lasting time period in humans. The second level, the time-dependent 'micronetwork state', is characterized by the phase of endogenous rhythms at which an exogenous stimulus is applied. The third level refers to time-independent network activity which we will label 'traitstate' and is defined further below.
In the Lustenberger et al. study, the micro-network state remains constant as spindle stimulation is always applied after endogenous spindle onset. The relevance of employing feedback-controlled stimulation in enhancing memory consolidation in sleep is well documented [10] . The macro state reflects physiological changes in endogenous neuromodulatory tone and thereby changes the response properties of the cells within neuronal networks (e.g., increased thalamic hyperpolarization in N3 as compared to N2), which impacts the response mode of the thalmo-cortical system. It would be interesting to investigate whether a depolarizing transcranial direct current component would enable the thalamo-cortical network to generate spindles in N3 when applied in association with the above described feedback-controlled spindle stimulation.
The trait-state can be seen as underlying the degree to which subjects are differentially susceptible to exogenous stimuli -responders and non-responders. The response of a subject to exogenous stimulation may well reflect a basal network state. Spindle activity in particular has been associated not only with preceding learning and putative ongoing processes of memory consolidation, but also with general cognitive ability [17] . Moreover, sleep spindle activity has recently been associated with the effect of prior knowledge on memory consolidation [18] . A recent review by Li et al. [19] summarizes findings of studies on biological factors affecting the efficiency of WES. This included such factors as size of white matter tract, age and sexdependent factors as well as baseline performance scores. Finally, the macrostate can also be influenced by the task, such as the salience of material to be learned which may, if associated with a reward, modulate dopaminergic activity [19, 20] . To conclude, it may be envisaged that in the future a computational model Figure 1 . Time-dependent and -independent states affecting weak electrical stimulation (WES) efficiency on EEG and behavioral parameters.
Schematic showing the suggested three different theoretical levels of network activity (Trait, Macro, Micronetwork state) which can influence the effect of exogenous stimulation on behaviour (Behavioral effect) and endogenous brain electric activity (Physiologic effect). Examples for the different network levels are given in the text. Memory consolidation is additionally dependent upon features of the learning material, e.g. its salience. This again can interact with the macro-state, for instance by influencing level of dopaminergic activity with a reward-associated task. Similarly, the induced physiological and behavioural effects can affect subsequent network responses.
R814 Current Biology 26, R794-R815, September 12, 2016 Current Biology Dispatches will be capable of online integration of these parameters at the three network levels in order to obtain optimal stimulation efficiency for a given task.
